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ABSTRACT 
Ten yearsof aerosol andRadon–222 (radon)data fromGosan,Korea,were analyzed. Seasonal cycleswere strongly
linkedtochangesinfetchandtimeofyear.Weestimatedthat7.21t/myofPM10aerosolpassGosanintheatmospheric
boundary layer, increasingannuallyby0.3t/my.Contributions toaerosol loadingwerecharacterizedby fetch:South
China,NorthChina,KoreaandJapan.Whilethehighest,andmostvariable,contributionstypicallyoriginatedfromSouth
China,theseairmassescontributedtoonly6%oftheoveralldataset.PM10distributionswerebroaderfromSouthand
North China than for Korea or Japan, reflecting differences in natural/anthropogenic soil sources, and
number/distributionoflargepointsources.Employingradontoselectairmassesmorerepresentativeoftargetedfetch
regionstypicallyresulted ingreaterreportedpollutantconcentrationsandratesofchangeoverthedecade.Estimated
rates of PM10 increase fromNorth China and Korea over the decadewere 1.4 and 0.9μg/m3y, respectively. Total
suspendedparticulate(TSP)elementalanalysisindicatedthatthe(non–sea–salt)nss–SO42–contentofaerosolshasbeen
graduallyincreasingoverthepastdecadeandmorerecentlyanincreaseinNO3–wasseen.However,onaverage,rates
ofincreaseinnss–SO42–havereducedsince2007,whichwerehigherinSouththanNorthChina.
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1.Introduction

Atmospheric aerosols affect the Earth’s radiative balance
directly,byscatteringorabsorbinglight,orindirectly,byactingas
cloud condensationnuclei (e.g.Charlson etal.,1992;Huebert et
al., 2003; Jiang et al., 2013). The typical atmospheric lifetime of
aerosols is a week (IPCC, 1994), though this is sensitive to the
altitudeof release (Croftetal.,2014).Consequently, rather than
being globally homogenous, aerosol distribution is usually
concentratednear,ordownwindfrom,thevarioussources.Under
suitable meteorological conditions, however, aerosols can be
transportedconsiderabledistances (e.g.,Parketal.,2005;Eguchi
etal.,2009).

EastAsiacontributesadisproportionatelylargefractionofthe
northern hemisphere atmospheric burden of natural and
anthropogenicpollutants(Streetsetal.,2003).There isagrowing
need to characterize and better understand the rates at which
theseemissionsare increasing inresponse tothechangingglobal
climate, and rapid economic development across the East Asian
region.

The greatest proportion of East Asian natural and
anthropogenicaerosolsoriginatefromChina(Streetsetal.,2003),
where there are large desert regions, extensive fossil fuel
combustion, andwidespread biomass burning. Eighty percent of
China’s energy is derived from coal (Xu, 2001), and biomass
burning ismore common than in Europe andNorthern America
(Huebert et al., 2003). Although rapid economic development
resulted ina7.3%1/y increase inannual SO2emissionsbetween
2000 and 2006 (Streets et al., 2009; Lu et al., 2010), rates of
increase reduced after 2006 due–in part–to the widespread
applicationofflu–gasdesulfurizationdevicesinpowerplants(Luet
al., 2010). The greater availability of electricity to rural Chinese
communities has also reduced biomass burning emissions. A
substantial proportion of China’s anthropogenic primary PM10
emission (29% in2005,Leietal.,2011) isduetocementproducͲ
tion.Asaresultofgovernmentmeasurestoreducecementplant
and power station releases, cement–related primary aerosol
emissions have slowly declined since 2000, although there has
been a corresponding increase in cement–relatedNOX emissions
(Linetal.,2010).The largest increase inNOXemissions,however,
hasbeen fromthepowerandtransportsectors (vanAardenneet
al.,1999;Linetal.,2010).

Gosanstation(JejuIsland,Korea),iswelllocatedforthestudy
of aerosol outflow from East Asia (Kim et al., 1998; Kim et al.,
2007a), and has been adopted as a “super site” for numerous
campaigns (e.g.Huebertetal.,2003).Gosan is ideallysituated to
observe outflow events from China and Korea under winter
monsoonal conditions, and–when not under the influence of
outflowconditions–isfavoredasabackgroundmonitoringsitefor
theEastAsianregiondueto itscomparativelylow levelsof locally
generated pollution. Both short–and long–term fetch analyses
have indicated that Gosan is under the influence of continental
Asianoutflowconditionsforapproximately75%oftheyear(Chen
etal.,1997;Parketal.,2004).

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Over recent decades numerous studies have characterized
EastAsianemissions,buttheyhavetypicallybeeneitheroflimited
duration (case studies to severalyears:Chenetal.,1997;Kimet
al.,1998;Parketal.,2004;Kimetal.,2005),orreportedtemporal
statisticswithinsufficientdetailforthoroughmodelbenchmarking
studies (e.g.Parketal.,2004;Kangetal.,2009;Kimetal.,2011–
whereonlyaveragevalueswerepresented).Furthermore,ground–
basedobservationsareoftenwell–removedfromthefetchregions
theyareusedtocharacterize.Sincesubstantialairmassdilutionis
possible over these distances, by a variety of mechanisms, the
representativeness of observations also needs to be taken into
account–forwhichsimultaneousobservationsofaterrestrialtracer
isideal.

Radon–222 (radon) isanaturallyoccurring, inert, radioactive
gas that is poorly soluble in water; its only atmospheric sink is
radioactive decay. The rate of radon emission from terrestrial
regions thataren’t frozenor saturated is typically threeordersof
magnitudegreater than that frommarine sources (Wilkeningand
Clements,1975;ScheryandHuang,2004),makingitanidealtracer
of recent (in theorderof3–weeks) terrestrial influenceonanair
mass (e.g. Balkanski et al., 1992). The degree of terrestrial
influenceon an airmass indicatedby its radon concentration–as
dictatedbyitsheightoftransit,ordilutionbyairfromoutsidethe
atmosphericboundarylayer–willdeterminehowrepresentativeits
chemical composition is of surface sources across its terrestrial
fetch.

Further, the changing emission of primary aerosols, and
secondaryaerosolprecursors,hasan impacton theoutflow from
EastAsia to surrounding regions. Longer term characterizationof
spatial and temporal changes in these emissions is necessary to
forecast possible impacts, assess the efficacy of mitigation
strategies,andevaluatetheperformanceofregionalmodels.

Theaimofthisstudyistocharacterizetheoutflow,toGosan,
from the Asian continent in the last decade by reporting a
systematic study of long–term (2001–2010) PM10 and total
suspendedparticulate(TSP)observationsatGosan.Backtrajectory
analysis–with more stringent selection criteria than previous
studies–was used to categorize results by fetch region (South
China,North China, Korea and Japan),whichwere subsequently
analyzedforbothseasonalandinter–annualvariability.Inaddition,
potential source contribution functions (PSCF; Ashbaugh et al.,
1985) were generated for selected TSP elements. To facilitate
benchmarking of chemical transport simulations over this time
period,distributionsandextremesarereported.Long–termtrends
of PM10 are reported for the decade based on both the entire
dataset, as well as a subset of observations considered most
representativeoftherespectivefetchregionsbasedonco–located
continuoushourlyatmosphericRadon–222observations.

2.SiteandMethods

2.1.Measurementsite

Jeju Island (Figure1),measures approximately 73km (east–
west) and 41km (north–south).Gosan station ison thewestern
extremityof Jeju Island,near theedgeofa sheerbluff that rises
approximately72mabovesealevel.Thestationliesapproximately
100kmsouthoftheKoreanPeninsula,500kmeastoftheChinese
coastline,and300kmwestofKyushu.

2.2.Samplecollectionandanalysis

Continuous,hourlyPM10measurementsaremadeatGosanby
theKoreanMinistryofEnvironment.Correspondingclimatological
observations are made by the Korean Meteorological
Administration.Daily integrated(9:00to9:00ofthenextday)TSP
observations aremade every 3days by JejuNational University.
Aerosol sampling is conducted at a170L/min, from 6m above
ground level (agl), using a high–volume tape sampler (Kimoto
Electric Co.,Model 195A) with roll–type PTFE filters (Sumitomo
Electric, 100mm×10m) in a temperature–controlled trailer. The
exposed filters are divided in two; half is used for ionic species
analysis,theotherfortheanalysisofsulfur(S)andmetalelements.
Furtherdetailsregardingthissamplingandanalysisarepresented
inKangetal.(2009),Kimetal.(2011)andKimetal.(2012).While
TSPionicspeciesdataisavailableforthecomplete10–yearperiod,
elementaldataisonlyavailableforthefirst8years(2001–2008).

Figure1.LocationofGosanstationonJejuIsland,includingfetchregion
boundaries(inred)andaverage5–daybacktrajectoriesforeachfetch
region(inblack).

Continuous,direct,hourlyatmospheric radon concentrations
aremeasuredatGosan from10maglusinga1500Ldual–flow–
loop,two–filterradondetectordesignedandbuiltattheAustralian
NuclearScienceandTechnologyOrganization(ANSTO).TheprinciͲ
pleofoperationofthismodelofdetectorhasbeendocumentedby
WhittlestoneandZahorowski (1998),andChambersetal. (2011).
Instrumental background checks are performed every 3months,
andmonthlycalibrationsareperformedby injectingradonfroma
Pylon source (18.5±4%kBq Radium–226) traceable to National
InstituteofStandardsandTechnologystandards.

2.3.Backtrajectories

AirmassbacktrajectorieswerecalculatedusingthePCversion
of HYSPLIT v4.0 (HYbrid Single–Particle Lagrangian Integrated
Trajectory; Draxler and Rolph, 2003). HYSPLIT calculates back
trajectories using meteorological data of 1°x1° resolution
generated by the global data assimilation system (GDAS)model
runby theNationalWeatherService’s (NWS)NationalCentre for
EnvironmentalPrediction (NCEP).GDASdata filesareavailableat
(NOAA, 2013). Seven–day back trajectories were calculated
startingatanaltitudeof200magl.Thisaltitudewaschosensuch
that the starting heightwas alwayswithin themarine boundary
layer (MBL),whichvaries seasonallyatGosan from300–1200m,
and itwashigh enough such that itwasn’taffectedby the local
terrain.Boundary layer heightswere extracted from the Climate
ForecastSystemReanalysis(Sahaetal.,2010a)accessedfromthe
NCARResearchDataArchives(Sahaetal.,2010b).

Back trajectory density maps (indicating predominant fetch
regions)weregeneratedbysubdividingthestudyregion intogrid
cells(latitude0°Nto80°Nandlongitude80°Eto160°E,with0.5°by
0.5° grid cells), then counting the number of times that a back
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trajectory endpoint (i.e. the location of the back trajectories at
hourlyintervals)fallsintoagivengridcell,sayn(i,j).

2.4.Fetchregionsdefinition

Air mass fetch was determined hourly by back trajectory
analysis. Shorter (5–day) back trajectories were used for fetch
classification since this timeperiodaccounted for themajorityof
time airmasses spent over heavily populated/industrial regions.
Fetchregions(Figure1)forthisstudywerechosentobesimilarto
thosedefinedbyParketal.(2004),butairmassmembershiptoa
givenfetchregionwasdecidedbyamorestringentrequirementof
at least 70% of the air mass’ 5–day history being within the
respective region. While this requirement necessitated the
exclusion of a significant fraction of the dataset, the remaining
observations aremore closely related to their nominated fetch
region.Thisapproachprevents issuesraisedbyParketal. (2004),
such as occurrence of extended oceanic influence on some air
masses.ForTSPobservations,whereonly24–hourintegrateddata
are available, a fetch region was allocated based on the most
highlyrepresentedregionoverthe24trajectoriesforthatday,i.e.
theregionwiththehighesttrajectorycount.Forthepurposeofthe
long–term trend analysis (section3.8),aday’smeasurementwas
allocated to a fetch region only if at least 12 of the 24 back
trajectorieswereallocatedtothespecifiedregion.

2.5.Radonselectionprocess

When investigating temporal changes in aerosol characͲ
teristicsitisimportantthattheairmassesfromwhichthestatistics
arebeingcalculatedareasrepresentativeaspossibleofthefetch
region. Ifanairmasshas spenta significantportionof its recent
history above the boundary layer or over the ocean its aerosol
characteristics are unlikely to be representative of its nominal
terrestrialfetch.

For the purposes of this investigation radon is assumed to
have an exclusively terrestrial source. As such, the higher the
measuredradonconcentrationforagivenfetchregion,thelonger
thatairmasshasbeenincontactwiththeunderlyingsurface,and
themore likely it is to be representative of the aerosol sources
acrossthatfetch.

WecalculateddailymeanradonandPM10concentrationsover
the10–yearperiodbasedonthe09:00h–09:00htemporalwindow
tomatchtheTSPdaily integrationperiod.Foreachfetchwethen
calculated the median monthly radon concentration for a
compositeyearbasedon the2001–2010data.Foragiven fetch,
wehypothesize thatairmasseswith radon concentrationsbelow
themonthlymedianvaluehaveeitherbeendiluted,orwerepoorly
connected with the underlying surface.When “radon–selected”
data isspecified (Section3.5), reportedstatisticsarebasedonair
masses with corresponding radon concentrations above the
monthlymedianvalues(i.e.thosemorerepresentativeofsurface–
basedaerosolsources).Thisanalysishadtobeconductedbyfetch
regionduetotwofactors:localizedregionsofhighradonfluxexist
inSoutheastChina(Zahorowskietal.,2005;Zhuoetal.,2008);and
a latitudinalgradientexists in thecontinentalAsian radonsource
term(ConenandRobertson,2002;Williamsetal.,2009;averaging
a0.4mBq/m2sperdegreeoflatitudebetween40–70°N).

2.6.PotentialSourceContributionFunction(PSCF)

ThePSCF(Ashbaughetal.,1985)representstheprobabilityof
measuring a concentrationhigher than a specified valuewhen a
trajectory passes over a given region. A PSCF is determined by
subdividing the study region into grid cells, and then–for each
trajectory–incrementingacounter,n(i,j),eachtimeanendpointfor
agiventime–stepfallsintoagivencell.Asecondcounter,m(i,j),is
incremented each time the observed airmass corresponding to
that trajectorypointhasaconcentrationgreater thatapredeterͲ
minedthreshold(here,themeanplushalfthestandarddeviation).
ThenthePSCFisdeterminedasfollows:

      
  
m i j
PSCF i j W i j
n i j
  (1)

Toreducetheuncertaintyeffectsforgridcellscrossedbyonly
a small number of trajectories, aweighting function is generally
applied (Polissar et al., 2001). The average n(i,j)was calculated,
thenaweightof<1wasapplied toeach cell forwhichn(i,j)was
less than three times themean. The average n(i,j) for this study
was95,soweightswereappliedasfollows:

W(i,j)=1.0286чni,j
W(i,j)=0.830чni,j<286
W(i,j)=0.510чni,j<30
W(i,j)=0.2ni,j<10

3.ResultsandDiscussion

3.1.Climatologyandfetch

Monthlymedianwind speeds (see the SupportingMaterial,
SM,FigureS3)werehighestDecemberthroughMarchand lowest
June throughSeptember. In lieuof localwinddirection,which is
not always indicativeof long–term airmass fetch, seasonalback
trajectorydensitymaps arepresented in FigureS4 (see the SM).
Winter months were dominated by north–westerly flow (contiͲ
nental fetch acrossNorthChina and Korea). In spring, fetchwas
stillpredominantly continental,but trajectories from theNWdid
not reach as far inland, and a larger proportion of air masses
approachedfromtheW(SouthChina)andNE(Japan).Throughout
summer air mass fetch was mainly oceanic. In autumn, fetch
returnedtopredominantlycontinental,varyingfromNWtoNE.Of
the fetch regions indicated in Figure1, the density plots of
FigureS4 (see theSM) show thatSouthChina is themostpoorly
representedfetchregion.

Forthelaterpartofthestudytheannualaveragewindspeeds
were about 0.5m/s slower than at the beginning of the study
period(seetheSM,TableS3)whichcanhavesomeconcentrating
effecton themeasuredPM10.However, theaveragemixing layer
depthwashigher towards theendof theperiod (TableS3)which
woulddilutethePM10concentration.

3.2.RadonandPM10seasonalvariation

The seasonal cycle of radon at Gosan (Figure2a) was
characterized by a winter maximum and summer minimum,
consistentwith the reduction in terrestrial fetch fromwinter to
summer (seetheSM,FigureS4).The lowestradon10thpercentile
was seen for June–July–August, indicating the lowest land
influence.

TheseasonalcycleofPM10(Figure2b)wascharacterizedbya
double peak (also seen for Al, Section3.5). Maximum values
occurred in spring (after snow–melt, before the onset of
monsoonalrains,agriculturalsoilsarebeingtilled,regionalflow is
mainly continental, wind speeds are still relatively high, and
Siberiancoldfrontsarestillactive(Seinfeldetal.,2004,Kimetal.,
2012), with a secondary minor peak in autumn (October and
November; after regional flow returns to continental).While the
secondminorpeak isnotnormally reported, in the currentdata
thesecondarypeakwasalsoresolvedusingspectralanalysisofthe
data indicatingtheneedof longerdatasetsforanalysis.Minimum
values occur in summer (when regional flow is predominantly
oceanic,andcoastalregionsarewetbymonsoonalrain).

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Figure2.Monthlydistributions(basedondailymeanvalues)of(a)
radon(mBq/m3)and(b)PM10(Pg/m3)foracompositeyear.Boxes
representthe25thand75thpercentiles,themedianisrepresentedby
thelinethroughthebox,whiskersrepresentthe10thand90th
percentilesandextremeeventsareindicatedbyopencircles.

WhilehighPM10eventsareevident inallmonths (compared
to theAustralian targetsofPM10>50Pg/m3 for5daysor lessper
year), often attributable to anthropogenic pollution events (e.g.
Kimetal.,2007b), the shapeof thePM10 seasonal cycle (i.e. the
dualpeak) indicates that–at times–naturalaerosols (primarilysoil
anddesertdust)dominatetheGosanPM10atmosphericburden.

Although Asian dust storms are most common in spring
(Carmichaeletal.,1997;Kimetal.,2008;Kimetal.,2009),under
favorable meteorological conditions they can occur in other
seasons.Overthe2001–2006studyperiodofKimetal.(2008),two
duststormswereobservedinwinter(February)andfiveinautumn
(November).

No clear trendwas seen in the background PM10. Thiswas
examinedbycreatingmonthly composites for three timeperiods
over the decade (2001–2003, 2004–2006, 2007–2010) and then
comparing themonthly10thpercentilevaluesbetween the three
timeperiods.

3.3.RadonandPM10fetchanalysis

Hourly back trajectorieswere calculated for the 2001–2010
studyperiod (87660 events).Data recovery (taking into account
instrumentaldown–timeandcalibrations)forthecombinedradon
and PM10 observationswas 92.6% (81159 events). Imposing the
stringentrequirementthat70%ofeach5–daytrajectoryhadtobe
withina single fetch region resulted inonly40%of theavailable
eventsbeingclassifiedintooneofthefivedistinctfetchcategories
(Figure1).Theothermixed–fetchtrajectorieswereexcludedfrom
further analysis.Of the remaining 32575 events, thebreakdown
by fetchwasasfollows:NorthChina (37.2%),SouthChina(6.0%),
Oceanic(18.8%),Japan(16.5%),andKorea(21.5%).

Airmasseswith the longest terrestrial fetch usually passed
over North China or Korea; corresponding radon concentrations
were typically >2000mBq/m3 (Figure3a; see the SM, TableS1).
WhiletheterrestrialfetchoverSouthChinawassometimesnotas
great,radonconcentrationswereusuallycomparabletotheNorth
China and Korea fetch regions. The two factors discussed in
Section2.5 may contribute to this, i.e.: the localized flux in
Southeast China and the latitudinal gradient. Limited terrestrial
fetch resulted in intermediate radon concentrations from the
Japan fetch (which showed a narrower distribution), and the
lowest concentrations were observed under predominantly
oceanicfetch.

WhileSouthChinaexhibitedby far thehighestmedianPM10
values (Figure3b; primarily attributable to anthropogenic activi
ities,e.g.coalcombustion,mobile sourcesand tillingof soil), the
largestofallPM10eventsoriginatedfromNorthChina(seetheSM,
TableS1),attributabletonaturalduststormsoriginating inoneof
thenumerousdesertregionsinthisfetch(e.g.Cohenetal.,2010).
When lookingatpercentage contribution to the totalPM10mass
observed at Gosan, for the 40% of classified measurements, in
winterup to70%of themasswas fromNorthChina,and50% in
spring.InsummerthehighestcontributionwasfromJapan.

3.4. Long–term PM10 variation based on radon selected obserͲ
vations

Long–termPM10analysis ispresented intheSM;hereweare
interested in using a radon based selection.Daily average radon
and PM10 were calculated according to Section2.5. Here we
consider two timeseries: (1)all thedailyaveragePM10data,and
(2)thedailyaveragedPM10dataonlyforthosedaysonwhichthe
dailyaverageradonwasabovethecompositemonthlymeanradon
values for the respective fetch (North China and Korea were
selectedasthesefetcheswerebetterrepresented intheselected
dataset).Theannual25th,50thand75thpercentilesarepresented
in Figure4. For North China, an increase of 1.3Pg/m3y is seen
when all samples are considered, whereas an increase of
1.4Pg/m3y was obtained when using radon to improve the
representativeness of air mass contact with land (resulting in
232samples). From this we see that failing to account for the
representativenessofobservationsusingaterrestrialtracerwould
result inunderestimating therateofPM10emission increaseover
thisdecadeforNorthChinabya8%.ForKorea,ontheotherhand,
forallsamplesan increaseof1.3Pg/m3yisseen,whereasforthe
radonselectedsamplesa reduced increaseof0.9Pg/m3y isseen
(from 110samples), thus, failing to account for the representaͲ
tivenessofobservationsresultsinanoverestimationoftherateof
KoreanPM10emissionsgrowthbya30%.

Assuming awell–mixed boundary layer, based on themean
annualPM10,windspeedandmixingdepth(assumingacolumnof
unit cross section), we estimated the amount of PM10 aerosol
advected pastGosan in the boundary layer each year. From the
resultsinTableS3(seetheSM)themeancolumn–integratedPM10
load in the atmosphere above Gosan station over the 10–year
studyperiodwas7.21t/my.
(a)
(b)
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Figure3.Hourly(a)radonand(b)PM10distributionsbyfetchregion.BoxandwhiskerdefinitionsasforFigure2.Someextremeeventsarenot
presented(seetheSM,TableS1forstatistics).

Figure4.Theannual25th,50thand75thpercentilesfor(a)allthedailyaveragePM10dataforNorthChinaand(b)thecorresponding
percentilesforthosedaysonwhichtheradonmeasurementswereabovethecompositemonthlymeanradonvaluesforNorthChina.Plots(c)
and(d)arethecorrespondingresultsforKorea.
(a) (b)
(a) (b)
(c) (d)
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3.5.SeasonalvariationofTotalSuspendedParticulate(TSP)

Coarse particles (i.e. with aerodynamic diameter >2.5Pm),
represent amixture of anthropogenic and natural sources, and
usually contain imperfect fossil fuel combustion products,metal
elements from mining industries, and signatures from natural
processessuchassoildust (1–10Pm;Stoneetal.,2011)andsea
spray (Kim et al., 2012). Fine particles (i.e. with aerodynamic
diameter <2.5Pm), on the other hand, are mostly of
anthropogenicorigins–fossilfuelcombustion,automobileexhaust,
manufacturingchemicals,andsecondaryaerosolsconverted from
gaseousairpollutants(Kimetal.,2012).

Aerosol types can often be broadly characterized by
components of their elemental composition. Five key elements
commonlyassociatedwithsoildust, forexample,areAl,Si,Ca,Ti
and Fe (Begum et al., 2011). K is often considered amarker for
smoke, (non–sea–salt sulfate) nss–SO42– an indicator of coal
combustion(forpowerordomesticheating),andNO3–anindicator
ofpowerproduction,industryandmobilesources.

Particulate nss–SO42– is secondary sulfate, produced by the
conversion of gaseous SO2 to sulfates. Particulate nitrates are
formedbygastoparticleconversionofNOX.AccordingtoZhaoet
al. (2013), in 2010, power plants, industry and transport
contributed28.4,34.0and25.4%ofthetotalChinaNOXemissions,
respectively.

A long–term (1992–2008)elementalanalysisofTSPatGosan
wasconductedbyKimetal.(2011),whereannualaveragevalues
werepresented.Herewepresentfulldistributionsofelementsand
ionscorrespondingtokeysourcetypes(Figure5).Wealsopresent
corresponding PSCFs to give an indication of dominant source
locations(Figure6).

Figure5.BoxandwhiskerplotsofTSP,(a)Al,(b)K,(c)nss–SO4–2and(d)NO3–byseason.BoxesandwhiskersasinFigure2.ForAl,anumberof
extremeeventsarenotpresented(5232,6335,7749,9086and10426inMar;3586,3594,5147,6150,7455,9704and11072inApr;5740for
Nov).ExtremeeventsnotpresentedofK(3215,3554,3607forMar;3625and4384forApr).ExtremeeventsnotpresentedforNO3–
(19forMarand32forJun).


(a) (b)
(c) (d)
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Larger concentrations of Al are recorded in spring,
correspondingto timesofyearwhenAsianduststormsaremore
frequent. Higher PSCF values are seen for the desert regions
identified inZhangetal. (2003)andKimetal. (2007a),however,
similar PSCF values are also seen in the agricultural regions of
Chinawhichcouldwellbefromfreshlytilledsoilinspring(Seinfeld
etal.,2004).Theidentifiedregionscorrespondwelltoadustuplift
studied inApril1998byChunetal. (2001).However, thehighest
PSCF values for Al are seen in central east Chinawhich ismost
likely from industrial and combustion processes (e.g. coal
combustion;Geetal.,2004).ACa/Alratioof0.3wasobtained in
GatzandProspero(1996)duringaduststormintheirstudywhich
theyattributedtoNorthAfricandust.ForthisdatatheCa/Alratio
wasashighas7.19withamedianof0.8(anda90thpercentileof
1.5),withthehigherratiosoccurringinwinter(i.e.aclearseasonal
trendwasobservedwithlowerratiosinsummerandhigherratios
inwinter). The large range of Ca/Al ratios indicates a variety of
sourcesof these two elements. Ithasbeen suggested thatMg2+
canbean indicatorofAsiandust(Choietal.,2001).ThePSCFfor
Mg2+(Figure6e)correspondswelltothePSCFgeneratedbyZhang
etal.(2014).


Figure6.ThePSCFofTSPfor(a)Al,(b)K,(c)nss–SO42–,(d)NO3,(e)Mg2+,(f)Ca2+.Here7daybacktrajectorieswereusedcorrespondingto
anaverageresidencetimeofaweekforparticulatematter(IPCC,1994).

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Higher concentrations of K are seen in winter, with more
extremeeventsinspring,(Figure5b).Inwinterthiscouldbedueto
firewoodburning forheating;whilespring is thedryseasonand
conditionsare favorable for forest fires.Spring isalsoa time that
peopleburnthecropresiduesofthepreviousyear inpreparation
for the new crops. The PSCF (Figure 6b) indicates that higher
concentrations of K result from the agricultural regions in East
China.

Higher concentrations of nss–SO42– are seen in winter and
spring (Figure5c) and higher PSCF values are seen in Southeast
China (Figure6c), consistent with the power stations locations
identifiedbyCohenetal.(2010).HighervaluesofNO3–areseenin
spring. The regions of high PSCF values of nss–SO42– and NO3–
correspond well to the regional estimated of SO2 and NOX
emissions(Streetsetal.,2003),respectively.

3.6.Totalsuspendedparticulatebyfetch

Over the 10–year study period therewere a total of 1082
daily integrated TSP observations. Of these, we were able to
allocate 348 events to specific fetch regions (as described in
Section2.4), forwhich thebreakdownwas:NorthChina (42.5%),
South China (5.8%), Oceanic (17.2%), Japan (14.7%), and Korea
(19.8%).

Thedistributions, by fetch, ofAl, K, nss–SO42– andNO3– are
presented inFigure7andthesummarystatisticsarepresented in
TableS2(seetheSM).

Themajority of extreme Al eventswere attributable to the
NorthChina fetch (whichweremost likelydue tosoildust),since
theairmassesassociatedwiththelargerduststormsthatoriginate
in the inland desert regions usually sweep down across North
China.Fossilfuelconsumption(i.e.mediannss–SO42–)washighest
forSouthChina.LargeKandNO3–valuesareseenfromSouthand
North China followed by Korea. The outlierswould indicate that
eitherbushfiresand/orbiomassburningcontributetoKfromthe
NorthernChinafetch.

3.7.Long–termvariabilityofionicspecies

Temporalvariationsofselected ionicspeciesofTSPover the
decade are presented in Figure8. The correlation coefficient
betweenNH4+andnss–SO42–was0.91,indicatingthatthemajority
of nss–SO42–was present as ammonium sulfate.While a steady
increase in nss–SO42– was seen from 2003–2006, the rate of
increase slowed for the remainderof thedecade (indicating that
fossilfuelcombustingisincreasingataslowerrate),reflectingthe
estimated change in SO2 emissions from Asia (Kurokawa et al.,
2013).Aslight increase inNO3–overthe lasthalfofthedecade is
evident, butmuch less than for SO42–. The highest NO3– values
wererecordedin2010,andadipwasseenin2008whichcouldbe
due to the economic recession (Lin et al., 2010). The largest
increase inNOX has been from the power and transport sectors
(vanAardenneetal.,1999;Linetal.,2010).Itwasnotpossibleto
performaradon–basedselectionontheTSPdatabyyearandfetch
as there were often too few samples from which to derive a
statisticallysoundresult.
Figure7.Boxandwhiskerplotsofconcentrationofselectedspeciesbyfetch.BoxesandwhiskersasinFigure2.
(a) (b)
(c) (d)


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Figure8.BoxandwhiskerplotsofTSPconcentrationsofselectedionicspeciesbyyear.BoxesandwhiskersasforFigure2.

4.Conclusion

ThedistributionsofhourlyradonandPM10measurements,at
Gosan,overa10yearperiodarepresentedbymonthofyearand
by fetch.While the recent terrestrial influenceon airmasses, as
measured by radon, was the highest from Northern China and
Korea, thehighestPM10 concentrationsweremeasuredatGosan
when the fetch was from South China, althoughmore extreme
eventsoccurredfromNorthChina.

A largepeak inPM10wasseen inspring,aknownduststorm
season and also a known period of biomass burning. On inter–
annualtimescales,therewasasteadyincreaseinPM10from2004
to2008,withareduction intheincrease in2009and2010,which
couldwellbeduetotheemissionreductionmeasures introduced
bytheChinesegovernment.

The highest nss–SO42– was recorded from South China,
followedbyNorthChina,KoreaandthenJapan.

ThehighestPSCFvaluesofSandKwereseen inSouthChina
corresponding well to known source regions. However, for Al,
aside from the desert regions, high PSCF valueswere also seen
fromtheagriculturalandindustrialregionsinChina.

Acknowledgments

TheNOAAAirResourcesLaboratory(ARL)madeavailablethe
HYSPLIT transport and dispersionmodel and the relevant input
filesforgenerationofbacktrajectoriesusedinthispaper.
SupportingMaterialAvailable

Information includes: Radon and PM10 long–term (inter–
annual)variability;AnnualaverageforPM10andradon(FigureS1);
Annual average PM10 by fetch region (FigureS2);Monthly wind
speed distributions for a composite year (FigureS3); Seasonal7–
day back trajectory densitymaps (FigureS4); Summary statistics
forthe10yearhourlyradonandPM10,dataforeachfetchregion
(TableS1);Summary statistics for selectedTSP species (TableS2);
Estimated mean column integrated PM10 transported past the
samplingsiteforeachyear(TableS3).

References

Ashbaugh, L.L., Malm, W.C., Sadeh, W.Z., 1985. A residence time
probabilityanalysisofsulfurconcentrationsatGrandCanyonNational
Park.AtmosphericEnvironment(1967)19,1263–1270.
Balkanski, Y., Jacob,D.,Arimoto,R.,Kritz,M.,1992.Distributionof 222Rn
overtheNorthPacific: Implicationsforcontinental influences.Journal
ofAtmosphericChemistry14,353–374.
Begum,B.A.,Biswas,S.K.,Pandit,G.G.,Saradhi, I.V.,Waheed,S.,Siddique,
N.,Seneviratne,M.C.S.,Cohen,D.D.,Markwitz,A.,Hopke,P.K.,2011.
Long–range transport of soil dust and smoke pollution in the South
Asianregion.AtmosphericPollutionResearch2,151–157.
Carmichael,G.R.,Hong,M.S.,Ueda,H.,Chen, L.L.,Murano,K.,Park, J.K.,
Lee, H.G., Kim, Y., Kang, C., Shim, S., 1997. Aerosol composition at
Cheju Island, Korea. Journal of Geophysical Research–Atmospheres
102,6047–6061.

(a) (b)
(c) (d)



Crawford et al. – Atmospheric Pollution Research (APR) 538

Chambers, S.,Williams, A.G., Zahorowski,W., Griffiths, A., Crawford, J.,
2011.Separatingremote fetchand localmixing influencesonvertical
radon measurements in the lower atmosphere. Tellus Series B–
ChemicalandPhysicalMeteorology63,843–859.
Charlson,R.J.,Schwartz,S.E.,Hales,J.M.,Cess,R.D.,Coakley,J.A.,Hansen,
J.E.,Hofmann,D.J.,1992.Climate forcingby anthropogenic aerosols.
Science255,423–430.
Chen,L.L.,Carmichael,G.R.,Hong,M.S.,Ueda,H.,Shim,S.,Song,C.H.,Kim,
Y.P.,Arimoto,R.,Prospero, J., Savoie,D.,Murano,K.,Park, J.K., Lee,
H.G., Kang, C., 1997. Influence of continental outflow events on the
aerosol composition at Cheju Island, South Korea. Journal of
GeophysicalResearch–Atmospheres102,28551–28574.
Choi,J.C.,Lee,M.,Chun,Y.,Kim,J.,Oh,S.,2001.Chemicalcompositionand
source signature of spring aerosol in Seoul, Korea. Journal of
GeophysicalResearch–Atmospheres106,18067–18074.
Chun,Y.S.,Boo,K.O.,Kim,J.,Park,S.U.,Lee,M.,2001.Synopsis,transport,
and physical characteristics of Asian dust in Korea. Journal of
GeophysicalResearch–Atmospheres106,18461–18469.
Cohen, D.D., Crawford, J., Stelcer, E., Vuong, T.B., 2010. Long range
transportoffineparticlewindblownsoilsandcoalfiredpowerstation
emissionsintoHanoibetween2001to2008.AtmosphericEnvironment
44,3761–3769.
Conen,F.,Robertson,L.B.,2002.Latitudinaldistributionofradon–222 flux
from continents. Tellus Series B–Chemical and PhysicalMeteorology
54,127–133.
Croft,B.,Pierce,J.R.,Martin,R.V.,2014.Interpretingaerosollifetimesusing
the GEOS–Chem model and constraints from radionuclide
measurements.AtmosphericChemistryandPhysics14,4313–4325.
DraxlerR.R.,RolphG.D.,2003.HybridSingle–ParticleLagrangianIntegrated
Trajectory (HYSPLIT) Model. http://www.arl.noaa.gov/ready/
hysplit4.html,accessedinDecember2014.
Eguchi,K.,Uno, I.,Yumimoto,K.,Takemura,T.,Shimizu,A.,Sugimoto,N.,
Liu, Z., 2009. Trans–pacific dust transport: Integrated analysis of
NASA/CALIPSO and a global aerosol transport model. Atmospheric
ChemistryandPhysics9,3137–3145.
Gatz,D.F.,Prospero,J.M.,1996.Alargesilicon–aluminumaerosolplumein
Central Illinois:North African desert dust? Atmospheric Environment
30,3789–3799.
Ge,S.,Xu,X.,Chow,J.C.,Watson,J.,Sheng,Q.,Liu,W.L.,Bai,Z.P.,Zhu,T.,
Zhang, J.F., 2004. Emissionsof air pollutants from household stoves:
Honeycombcoalversuscoalcake.EnvironmentalScience&Technology
38,4612–4618.
Huebert, B.J., Bates, T., Russell, P.B., Shi, G.Y., Kim, Y.J., Kawamura, K.,
Carmichael,G.,Nakajima,T.,2003.AnoverviewofACE–Asia:Strategies
for quantifying the relationships between Asian aerosols and their
climatic impacts. Journal of Geophysical Research–Atmospheres 108,
art.no.8633.
IPCC(IntergovernmentalPanelonClimateChange),1994.RadiativeForcing
ofClimateChangein1994,CambridgeUniversityPress,NewYork,139
pages.
Jiang,Y.Q.,Liu,X.H.,Yang,X.Q.,Wang,M.H.,2013.Anumericalstudyofthe
effect of different aerosol types on East Asian summer clouds and
precipitation.AtmosphericEnvironment70,51–63.
Kang,C.H.,Kim,W.H.,Ko,H.J.,Hong,S.B.,2009.AsianDusteffectsonTotal
Suspended Particulate (TSP) compositions at Gosan in Jeju Island,
Korea.AtmosphericResearch94,345–355.
Kim, W.H., Song, J.M., Ko, H.J., Kim, J.S., Lee, J.H., Kang, C.H., 2012.
Comparisonofchemicalcompositionsofsize–segregatedatmospheric
aerosols between Asian dust and non–Asian dust periods at
backgroundareaofKorea.BulletinoftheKoreanChemicalSociety33,
3651–3656.
Kim, N.K., Kim, Y.P., Kang, C.H., 2011. Long–term trend of aerosol
compositionanddirect radiative forcingdue toaerosolsoverGosan:
TSP, PM10, and PM2.5 data between 1992 and 2008. Atmospheric
Environment45,6107–6115.
Kim,N.,Park,H.–J.,Kim,Y.,2009.ChemicalcompositionchangeinTSPdue
toduststormatGosan,Korea:Dotheconcentrationsofanthropogenic
speciesincreaseduetoduststorm?Water,Air,andSoilPollution204,
165–175.
Kim,S.W.,Yoon,S.C.,Kim,J.,2008.ColumnarAsiandustparticleproperties
observed by sun/sky radiometers from 2000 to 2006 in Korea.
AtmosphericEnvironment42,492–504.
Kim,J.,Jung,C.H.,Choi,B.C.,Oh,S.N.,Brechtel,F.J.,Yoon,S.C.,Kim,S.W.,
2007a.Number sizedistributionofatmosphericaerosolsduringACE–
Asiadustandprecipitationevents.AtmosphericEnvironment41,4841–
4855.
Kim, J.Y., Ghim, Y.S., Song, C.H., Yoon, S.–C., Han, J.S., 2007b. Seasonal
characteristics of air masses arriving at Gosan, Korea, using fine
particle measurements between November 2001 and August 2003.
JournalofGeophysicalResearch–Atmospheres112,art.no.D07202.
Kim,J.,Yoon,S.C.,Jefferson,A.,Zahorowski,W.,Kang,C.H.,2005.Airmass
characterizationand source regionanalysis for theGosan super–site,
Korea, during the ACE–Asia 2001 field campaign. Atmospheric
Environment39,6513–6523.
Kim, Y.P., Shim, S.G.,Moon, K.C., Hu, C.G., Kang, C.H., Park, K.Y., 1998.
Monitoring of air pollutants at Kosan, Cheju Island, Korea, during
March–April1994.JournalofAppliedMeteorology37,1117–1126.
Kurokawa, J.,Ohara,T.,Morikawa,T.,Hanayama,S.,Janssens–Maenhout,
G., Fukui, T., Kawashima, K., Akimoto, H., 2013. Emissions of air
pollutantsandgreenhousegasesoverAsianregionsduring2000–2008:
Regional Emission inventory in Asia (REAS) version 2. Atmospheric
ChemistryandPhysics13,11019–11058.
Lei,Y.,Zhang,Q.A.,Nielsen,C.,He,K.B.,2011.An inventoryofprimaryair
pollutantsandCO2emissionsfromcementproductioninChina,1990–
2020.AtmosphericEnvironment45,147–154.
Lin, J.,Nielsen,C.P.,Zhao,Y., Lei,Y., Liu,Y.,McElroy,M.B.,2010.Recent
changes in particulate air pollution over China observed from space
and the ground: Effectiveness of emission control. Environmental
Science&Technology44,7771–7776.
Lu,Z.,Streets,D.G.,Zhang,Q.,Wang,S.,Carmichael,G.R.,Cheng,Y.F.,Wei,
C.,Chin,M.,Diehl,T.,Tan,Q.,2010.Sulfurdioxideemissions inChina
andsulfur trends inEastAsiasince2000.AtmosphericChemistryand
Physics10,6311–6331.
NOAA,2013.ftp://arlftp.arlhq.noaa.gov/archives/gdas1,accessedin2013.
Park,C.B.,Sugimoto,N.,Matsui,I.,Shimizu,A.,Tatarov,B.,Kamei,A.,Lee,
C.H.,Uno,I.,Takemura,T.,Westphal,D.L.,2005.Long–rangetransport
ofSaharandusttoEastAsiaobservedwithLidars.SOLA1,121–124.
Park,M.H., Kim, Y.P., Kang, C.H., Shim, S.G., 2004. Aerosol composition
change between 1992 and 2002 at Gosan, Korea. Journal of
GeophysicalResearch–Atmospheres109,art.no.D19S13.
Polissar, A.V., Hopke, P.K., Harris, J.M., 2001. Source regions for
atmospheric aerosol measured at Barrow, Alaska. Environmental
Science&Technology35,4214–4226.
Saha,S.,Moorthi,S.,Pan,H.L.,Wu,X.R.,Wang, J.D.,Nadiga,S.,Tripp,P.,
Kistler,R.,Woollen,J.,Behringer,D.,Liu,H.X.,Stokes,D.,Grumbine,R.,
Gayno,G.,Wang, J.,Hou, Y.T., Chuang,H.Y., Juang,H.M.H., Sela, J.,
Iredell,M.,Treadon,R.,Kleist,D.,VanDelst,P.,Keyser,D.,Derber,J.,
Ek,M.,Meng, J.,Wei, H.L., Yang, R.Q., Lord, S., Van den Dool, H.,
Kumar, A.,Wang,W.Q., Long, C., Chelliah,M., Xue, Y., Huang, B.Y.,
Schemm, J.K., Ebisuzaki,W., Lin,R.,Xie, P.P.,Chen,M.Y., Zhou, S.T.,
Higgins,W.,Zou,C.Z.,Liu,Q.H.,Chen,Y.,Han,Y.,Cucurull,L.,Reynolds,
R.W., Rutledge, G., Goldberg,M., 2010a. TheNCEP climate forecast
systemreanalysis.BulletinoftheAmericanMeteorologicalSociety91,
1015–1057.
Saha, S.,Moorthi, S., Pan, H.–L.,Wu, X.,Wang, J., Nadiga, S., Tripp, P.,
Kistler,R.,Woollen,J.,Behringer,D.,Liu,H.,Stokes,D.,Grumbine,R.,
Gayno,G.,Wang,J.,Hou,Y.–T.,Chuang,H.–Y.,Juang,H.–M.H.,Sela,J.,
Iredell,M.,Treadon,R.,Kleist,D.,VanDelst,P.,Keyser,D.,Derber,J.,
Ek,M.,Meng,J.,Wei,H.,Yang,R.,Lord,S.,vandenDool,H.,Kumar,A.,
Wang,W., Long, C., Chelliah,M., Xue, Y.,Huang, B., Schemm, J.–K.,
Ebisuzaki,W.,Lin,R.,Xie,P.,Chen,M.,Zhou,S.,Higgins,W.,Zou,C.–Z.,
Crawford et al. – Atmospheric Pollution Research (APR) 539

Liu,Q., Chen, Y., Han, Y., Cucurull, L., Reynolds, R.W., Rutledge, G.,
Goldberg,M.,2010b.NCEPClimateForecastSystemReanalysis(CFSR)
6–hourly Products, January 1979 to December 2010, Research Data
Archive at the National Center for Atmospheric Research,
Computational and Information Systems Laboratory, Boulder, CO,
http://dx.doi.org/10.5065/D69K487J,accessedinJuly2013.
Schery, S.D., Huang, S., 2004. An estimate of the global distribution of
radonemissionsfromtheocean.GeophysicalResearchLetters31,art.
no.L19104.
Seinfeld, J.H., Carmichael,G.R., Arimoto, R., Conant,W.C., Brechtel, F.J.,
Bates,T.S.,Cahill,T.A.,Clarke,A.D.,Doherty,S.J.,Flatau,P.J.,Huebert,
B.J.,Kim, J.,Markowicz,K.M.,Quinn,P.K.,Russell,L.M.,Russell,P.B.,
Shimizu,A.,Shinozuka,Y.,Song,C.H.,Tang,Y.H.,Uno, I.,Vogelmann,
A.M.,Weber, R.J.,Woo, J.H., Zhang, X.Y., 2004. ACE–Asia – regional
climaticandatmosphericchemicaleffectsofAsiandustandpollution.
BulletinoftheAmericanMeteorologicalSociety85,367–380.
Stone,E.A.,Yoon,S.C.,Schauer,J.J.,2011.Chemicalcharacterizationoffine
and coarse particles in Gosan, Korea during springtime dust events.
AerosolandAirQualityResearch11,31–43.
Streets,D.G.,Yan,F.,Chin,M.,Diehl,T.,Mahowald,N.,Schultz,M.,Wild,
M.,Wu,Y.,Yu,C.,2009.Anthropogenicandnatural contributions to
regional trends in aerosol optical depth, 1980–2006. Journal of
GeophysicalResearch–Atmospheres114,art.no.D00D18.
Streets,D.G.,Bond,T.C.,Carmichael,G.R.,Fernandes,S.D.,Fu,Q.,He,D.,
Klimont, Z.,Nelson, S.M., Tsai,N.Y.,Wang,M.Q.,Woo, J.H., Yarber,
K.F.,2003.An inventoryofgaseousandprimaryaerosolemissions in
Asia in the year 2000. Journal ofGeophysical Research–Atmospheres
108,art.no.8809.
vanAardenne,J.A.,Carmichael,G.R.,Levy,H.,Streets,D.,Hordijk,L.,1999.
Anthropogenic NOX emissions in Asia in the period 1990–2020.
AtmosphericEnvironment33,633–646.
Whittlestone, S., Zahorowski, W., 1998. Baseline radon detectors for
shipboard use: Development and deployment in the First Aerosol
CharacterizationExperiment(ACE1).JournalofGeophysicalResearch–
Atmospheres103,16743–16751.
WilkeningM.H.,ClementsW.E.,1975.Radon222 fromtheoceansurface.
JournalofGeophysicalResearch80,3828–3830.
Williams,A.G.,Chambers,S.,Zahorowski,W.,Crawford,J.,Matsumoto,K.,
Uematsu,M., 2009. Estimating the Asian radon flux density and its
latitudinalgradient inwinterusingground–based radonobservations
atSado Island.TellusSeriesB–ChemicalandPhysicalMeteorology61,
732–746.
Xu,Q., 2001. Abrupt change of themid–summer climate in central East
China by the influence of atmospheric pollution. Atmospheric
Environment35,5029–5040.
Zahorowski,W.,Chambers,S.,Wang,T.,Kang,C.H.,Uno, I.,Poon,S.,Oh,
S.N.,Werczynski,S.,Kim,J.,Henderson–Sellers,A.,2005.Radon–222in
boundary layer and free tropospheric continental outflow events at
three ACE–Asia sites. Tellus Series B–Chemical and Physical
Meteorology57,124–140.
Zhang, F.,Cheng,H.R.,Wang, Z.W., Lv,X.P., Zhu, Z.M., Zhang,G.,Wang,
X.M., 2014. Fine particles (PM2.5) at a CAWNET background site in
CentralChina:Chemicalcompositions,seasonalvariationsandregional
pollutionevents.AtmosphericEnvironment86,193–202.
Zhang,X.Y.,Gong,S.L.,Zhao,T.L.,Arimoto,R.,Wang,Y.Q.,Zhou,Z.J.,2003.
SourcesofAsiandustandroleofclimatechangeversusdesertification
inAsiandustemission.GeophysicalResearchLetters30,art.no.2272.
Zhao,B.,Wang,S.X.,Liu,H.,Xu,J.Y.,Fu,K.,Klimont,Z.,Hao,J.M.,He,K.B.,
Cofala, J.,Amann,M.,2013.NOxemissions inChina:Historical trends
andfutureperspectives.AtmosphericChemistryandPhysics13,9869–
9897.
Zhuo,W.H.,Guo,Q.J.,Chen,B.,Cheng,G., 2008. Estimating the amount
anddistributionof radon fluxdensity from the soil surface inChina.
JournalofEnvironmentalRadioactivity99,1143–1148.




